The Tokachi-Oki earthquake occurred on September 26, 2003. Precise aftershock distribution is important to understand the mechanism of this earthquake generation. To study the aftershock activity, we deployed fortyseven ocean bottom seismometers (OBSs) and two ocean bottom pressure meters (OBPs) at thirty-eight sites in the source region. We started the OBS observation four days after the mainshock for an observation period of approximately two months. In the middle of the observation period, nine OBSs near the epicenter of the mainshock were recovered to clarify the depth distribution of aftershocks near the mainshock. From the data overall OBS, seventy-four aftershocks were located with high spatial resolution. Most of the aftershocks were located in a depth range of 15-20 km and occurred within the subducting oceanic crust, the 5.5-km/s layer of the landward plate and the plate boundary. No aftershocks were found in the mantle of the subducting plate. The low seismic activity beneath the trench area where the water depth is greater than about 2000 m suggests a weak coupling between the two plates. The depth of the mainshock is inferred to be 15-20 km from the aftershock distribution.
Introduction
The Tokachi-Oki earthquake (M = 8.0) occurred offshore of Tokachi region, Hokkaido, Japan, on September 26, 2003. Many aftershocks occurred following the mainshock, the largest of magnitude M = 7.1 on September 26, 2003. The source region of this earthquake is considered to be the same as that of the previous Tokachi-oki earthquake (M = 8.2) which occurred on March 4, 1952 (Yamanaka and Kikuchi, 2003) . The new earthquake is estimated to be located at the plate boundary between the subducting Pacific plate and the landward plate. Knowledge of precise aftershock distribution is important to understand the mechanism of earthquake generation. In addition, this kind of information is useful for studies of earthquake prediction in other trench areas. Previous studies indicate that ocean bottom seismometer (OBS) observation is essential to obtain a high resolution aftershock distribution for large earthquakes which occurred in marine areas (e.g. Hino et al., 2000; Urabe et al., 1985) .
In 1999, three OBSs and two tsunami meters were deployed off Kushiro and Tokachi in the Kuril Trench region by Japan Marine Science and Technology Center (Hirata et al., 2002) . These sensors are connected by an ocean bottom Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRA-PUB.
cable and their data are transmitted to a land in real-time. The cabled OBSs recorded the 2003 mainshock and many aftershocks. The data from the cabled OBSs contribute to the improvement of the hypocenter location in the source region. However, the cabled OBS network has large instrument intervals of more than 30 km. To reveal precise aftershock distribution, a spatially dense OBS network covering the source region is needed.
Four days after the mainshock, we started an aftershock observation using pop-up type OBSs in order to obtain the detailed aftershock activity of the 2003 Tokachi-oki earthquake. In the middle of the observation period, a portion of the OBS array was recovered and other OBSs were deployed at the same position. In addition, ten OBSs were deployed at additional positions in the middle of the observation period. Therefore we deployed a total of forty-seven OBSs and two ocean bottom pressure meters (OBPs) at thirty-eight sites in the source region of the mainshock. After three weeks from the first deployment, we retrieved nine OBSs in the southwestern part of the OBS network in order to obtain a detailed aftershock distribution, especially depth distribution in the mainshock region. For studies of the mainshock, its precise aftershock distribution in the mainshock region is important and should be needed at early stages of other studies. This paper focuses on the description of the OBS observation and the precise aftershock distribution, with an emphasis on (Iwasaki et al., 1989) . 2, 6, 7, 8, 12, 13, 14, 15, 20, 21, 24, 25, 26, 28, 29, 31, 32, 36, KOB1, KOB2, KOB3 5, 10, 11, 16, 17, 18, 19, 22, 27 3, 23, 30, 33, 34, 37, 38, 39, 40, 41 Total number of stations 31 40
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Additional observation
Except for site 16 depths of events, using the nine OBSs that were recovered after three weeks of the first deployment plus one cabled OBS in the southwestern part of the source region. In the future, the precise aftershock distribution in the whole observation area will be determined using data from all the OBSs.
Observation
Four days after the 2003 Tokachi-oki earthquake, we started to deploy twenty-nine OBS in the source region using the M/V Shinryu-maru (Shin Nippon Kaiji Co., chartered by Earthquake Research Institute, University of Tokyo) in order to study the aftershock activity of this event. From October 19 to 21, 2003, nine OBSs which had been deployed near the epicenter of the mainshock were recovered by R/V Natsushima belonging to the Japan Marine Science and Technology Center (JAMSTEC). Unfortunately, one OBS could not be recovered. We deployed eleven OBSs in order to continue the aftershock observation. On October 18 and 19, seven OBSs were additionally deployed by the R/V Kofumaru, (the Japan Meteorological Agency (JMA)) in order to enlarge the observation area. Two ocean bottom pressure meters (OBPs) were also deployed by the R/V Kofu-maru in order to detect vertical crustal movement east of the source region where large slip is estimated (Yamanaka and Kikuchi, 2003) . Consequently, we observed aftershocks at forty-one sites including the three cabled OBS sites (Fig. 1 ). All the OBSs and OBPs at the sea floor were recovered by M/V Shintatsu-maru, chartered by ERI, University of Tokyo, from November 17 to 20. The observation periods of each site are summarized in Table 1 . The observation area is 150 km × 100 km and has a high aftershock activity, which is estimated from the land seismic network. The OBS interval is approximately 15 km in the trench region. In the near-shore area, OBSs were deployed at an interval of about 20 km because the aftershocks are estimated to occur in the deeper region.
We used two types of digital recording OBS systems. Forty-six OBSs had both vertical and horizontal velocity sensitive electro-magnetic geophones with a natural frequency The model is derived from the refraction experiment carried out using the OBSs in 1983 (Iwasaki et al., 1989) .
of 4.5 Hz, one OBS used a three-component broadband seismic sensor (Guralp CMG-3T), and nine OBSs used for this study had short-period seismometers. Accurate timing, estimated to be within 0.05 s for the whole observation period, is provided by a crystal oscillator. OBS positions at the sea floor were obtained using acoustic ranging and ship GPS positions, and their accuracy is estimated to be several meters by a location program. We also determined the water depth to the OBSs by acoustic ranging.
Data and Hypocenter Determination
We used waveform data from nine pop-up type OBSs recovered by the R/V Natsushima from October 19 to 21, 2003 and one cabled OBS (KOB1). These pop-up type OBSs have a recording period of approximately three weeks and were deployed close to the epicenter of the mainshock. For analysis, we selected events using the method of short-term and long-term averages of seismic signal amplitude from the cabled OBSs and the land seismic stations near the observation area (Ambuter and Solomon, 1974) . More than four-hundred events were detected by this event detection method. All OBS data were combined into multistation waveform data files for each event. P and S wave arrival times were picked on a computer display (Urabe and Tsukada, 1991) . Four hundred eighty events recorded by more than three OBSs were selected for hypocenter determinations.
Extensive seismic experiments were carried out in 1983 in the study area using controlled seismic sources and OBSs in order to obtain a detailed seismic structure (Iwasaki et al., 1989) . Although the aftershock area has large lateral heterogeneity in seismic structure due to plate subduction, because of the relatively small study area, a simple one dimensional seismic wave velocity structure for the hypocenter location was obtained from the results of the refraction study (Iwasaki et al., 1989) . We used the seismic structure just below station S6 in Iwasaki et al. (1989) . P-wave velocities from 1.8 km/s to 3.8 km/s are interpreted by Iwasaki et al. (1989) to be the sedimentary layer of the landward plate, and P-wave velocities from 3.8 km/s to 5.5 km/s are the upper crustal layer in the landward plate. The thicknesses of these two layers in the landward plate are 2 km and 3.5 km, respectively. The third layer has P-wave velocities of 5.5 km/s to 7.0 km/s with a thickness of 10 km. The Pn velocity is 7.9 km/s (Fig. 2) . We also assumed that the ratio of P-wave to S-wave velocity in the crust and mantle is 1.73, because S wave structure is not determined by Iwasaki et al. (1989) . Since the thickness of sedimentary layers changes at each OBS site, the estimated travel times by the location program must be corrected. Hypocenters were determined by a maximum-likelihood estimation technique of Hirata and Matsu'ura (1987) . Due to uncertainty in the thickness and velocity of the sedimentary layer, we used the following method. First, we located the hypocenter using P and S wave arrival times without correction values for the sedimentary layer. Averaged differences between observed travel times and estimated travel times (O-C times) were calculated for each OBS. Next we located the hypocenter using the averaged O-C times as correction values. A new set of averaged O-C times for each OBS were calculated from the results of the second locations. Finally the new averaged O-C times were added to the previous correction values, and the hypocenters were again relocated. We repeated the relocation process using the last procedure two times. At the end of this analysis, the averaged O-C times become approximately 0.1 s and 0.2 s for P-wave and Swave, respectively ( Table 2) . Magnitudes of the aftershocks were estimated using the maximum amplitude of the seismic record on the land (Watanabe, 1971 ).
Results
Among 480 detected events, 395 events were able to be located. We selected the events with the criteria of small spatial errors and more than one S-wave reading from the OBS network. The OBS network located seventy-four earthquakes with an error of less than 1 km in the horizontal direction and less than 3 km in depth (Fig. 3) . The estimation errors of each aftershock location were calculated from the total covarience matrix of the location program (Hirata and Matsu'uura, 1987) . Magnitudes of these 74 aftershocks range from 1.7 to 5.2. The epicenters of these aftershocks are limited to within the OBS network used in this study. In other words, the resolution of hypocenters is considerably high within the OBS network.
The epicenter distribution is not uniform. The aftershocks may be divided into spatial clusters. We can identify at least 
Discussion
Among our 74 hypocenters, 20 hypocenters correspond to those determined by JMA from the land seismic network. We compare our results to those by the JMA (Fig. 4) . Although most JMA hypocenters, which include the data from the cabled OBSs, have depths of greater than 20 km, all hypocenters determined by our OBS network have focal depths around 20 km. From the principle of locating hypocenters, the use of P and S wave arrivals at seismic stations above a hypocenter is essential in order to obtain precise hypocenter position, especially for its depth. Our OBS network satisfies this condition and this has high resolution for the determination of event depth. All hypocenters by the OBS network were determined to be shallower than those by JMA. Most of the aftershocks are concentrated around a horizontal plane at a depth of approximately 20 km. This seismic plane as formed by the aftershocks can be interpreted to be the fault zone of the mainshock. Therefore the depth of the mainshock is inferred to be around 20 km. In addition, we compared P-wave arrival times at the land stations for aftershocks shown in Fig. 4 to those for the mainshock. According to uncertainty of origin times of the events, we used differences of the arrival times for every pair at the land stations. The aftershocks whose epicenters were close to that of the mainshock have small differences compared to the difference for the mainshock. This means that the depth of the mainshock may be similar to that of aftershocks estimated by the OBS network, and it is difficult to estimate a precise depth of the mainshock from the land seismic network.
In a cross section of the hypocentral distribution projected on a vertical plane along the seismic survey (Iwasaki et al., 1989) , we can clearly see the relation between the aftershock distribution and the seismic velocity structure (Fig. 5) . The seventy-four aftershocks we could locate occurred within the plate boundary, the subducting oceanic crust and the 5.5-km/s layer in the landward plate. Most of these aftershocks seem to be concentrated within the subducting oceanic crust. The velocity structure from the seismic survey shows that the . Vertical section of P-wave velocity structure and the aftershock distribution along the refraction profile (Iwasaki et al., 1989) . The profile of the refraction survey (thick line in Fig. 1 ) is perpendicular to the strike of the trench. Gray circles indicate the hypocenters of the aftershocks, and diameters of circles correspond to magnitudes. Inverted triangles and square indicated the projected position of the pop-up type OBSs and the cabled OBS, respectively. Numerals denote P-wave velocities (km/s). Distance in horizontal axis is measured from the trench axis.
upper layer in the subducting plate has lower velocity than that in the overlying layer. However, this low velocity layer is not taken into account during the hypocenter determination. Our simplified velocity model should affect aftershock location in that their foci are determined to be deeper than their actual depths. Therefore, there is a possibility that the concentration of the aftershocks occurs at the plate boundary between the Pacific plate and the overlying landward plate. Finally, we found no aftershock in the mantle of the subducting Pacific plate. Although our OBS data show high seismicity around the plate boundary, a few aftershocks were located beneath the landward slope where the water depth is greater than about 2000 m. Because the boundary between the high seismicity region and a low seismicity area is positioned within the OBS network used in this study, there is a possibility that a low seismic area extends 80 km inward from the Kuril trench axis. Low seismic activity along the plate boundary implies that there is a weak coupling between the Pacific plate and the landward plate from the trench axis to 80 km landward. Such aseismic areas are found close to the Japan trench and the Nankai trough in background seismicity Obana et al., 2001) . Yamanaka and Kikuchi (2003) investigated the source rupture processes of the 2003 event using teleseismic P-and S H-waves data. The maximum dislocation is estimated to be 5.5 m and the rupture of the mainshock propagated northward from shallow to deeper levels. Although our OBS network in this study covered only a part of the slip region estimated by Yamanaka and Kikuchi (2003) , more aftershocks seems to occur outside of the large slip region. This tendency corresponds with the asperity hypothesis of Yamanaka and Kikuchi (2004) . Because our aftershock distribution is limited, we need to analyze the aftershock distribution of the whole source area of the 2003 Tokachi-oki earthquake using the whole OBS network in order to confirm their hypothesis.
Conclusions
In order to obtain precise aftershock distribution of the 2003 Tokachi-oki Earthquake, forty-seven OBSs and two OBPs were deployed at thirty-eight sites from September 30 to November 20, 2003 , in the source region of the mainshock. Nine OBSs deployed near the epicenter of the mainshock in the southwestern area of the whole OBS network were recovered after three weeks from the mainshock. In this study, we presented obtained locations of seventy-four aftershocks near the mainshock with high spatial resolution during the observation period using the nine OBSs. Most of aftershocks are located in a depth range of 15-20 km. No earthquakes are observed in the mantle of the subducting Pacific plate. The seismicity is higher beneath the slope on the island arc side, and there is a possibility of low seismic activity beneath the landward slope where the water depth is greater than about 2000 m. In a vertical cross section of the hypocentral distribution, the aftershocks concentrate in the plate boundary region of the subducting Pacific plate and the overlying landward plate. From the depth distribution of the aftershocks near the mainshock, we infer that the mainshock has a depth of 15-20 km.
